Foreign object damage (FOD) to fan blades has been identified as one of the main factors affecting the safety of aeroengine operation. Numerical simulations are an important means of studying FOD, but the selection of the material's parameters in modeling is a key problem. In this work, a FOD test was carried out with titanium alloy blades as the sample, and the damage types suffered by the blades subjected to impacts from foreign objects under different conditions are obtained. A blade material test was carried out to obtain its parameters in terms of the Johnson-Cook material model, and finite element models of the impacting foreign objects are constructed. When comparing the test results with the simulated results, excellent correlation between them is found.
Introduction
During the operation of aeroengines, fan blades are vulnerable to impacts from hard objects such as stones, gravel, rivet spindles, and tire residue. As fan blades are often subjected to high-cycle and low-cycle working loads, the cracks caused by defects sprout and propagate rapidly [1] [2] [3] [4] [5] . Related studies have shown that the damage characteristics of foreign object damage (FOD) mainly include stress concentration associated with FOD indentation, small cracks in the damaged zone(s), plastic deformation, and residual stresses [6] . Damage from high-speed cubes impacting the leading edge of aerofoil specimens may be characterized as a mixture of notch indents, the loss of materials, material shearing, material folding, heat formation, shear bands, and microcracks, where all these characteristics can result in material fatigue which reduces the overall performance of the blade [7] . As the impact angle of the foreign object varies, its influence on the fatigue performance of the blade also varies. Meanwhile, the radius and wedge angle of the leading edge of the blade also affect the high-cycle fatigue strength of the blade after a foreign object has impacted [8] . The residual stress caused by the FOD will also adversely affect the fatigue per-formance of the blade. To address this, stress relief annealing treatment can strengthen the fatigue strength of a blade [9] . However, due to the small size of FOD and the large gradient of the residual stress, experimental measurements of the latter are currently not very accurate [10] . Therefore, numerical simulation techniques are needed to study the residual stresses generated by FOD. And the key of numerical simulation technology is the selection of model and model parameters.
Numerical simulation technology has been widely used in FOD research [11, 12] . Weeks et al. [13] carried out FOD tests on titanium alloy samples, and the dynamic processes resulting from the impact of steel balls on test specimens were numerically simulated using the DYMAT24 material model. Boyce et al. [14] simulated the impact process of a 3.2 mm diameter steel ball at 200 m/s and 300 m/s speeds with ABAQUS and studied the state of the residual stress after impact. Simulated results have also been compared with the results measured via the X-ray diffraction method, which show that their coincidence is good when the impact velocity is 200 m/s, but they are not ideal when the impact velocity is 300 m/s. Tranter et al. [15] used the Zerilli-Armstrong material model to simulate FOD using LS-DYNA and showed that the finite element (FE) model could simulate various impact processes. Lin et al. [16] simulated FOD impacts at 0°and at 45°angles on previously laser shock processing treated aerofoil specimens and compared the results from the simulation with those measured experimentally using high-energy synchrotron X-ray diffraction. Their results showed that the Johnson-Cook material model could be effective in predicting the dynamic response of laser shock peened specimens.
In order to accurately predict the dynamic response of FOD by numerical simulation, we need to obtain the dynamic mechanical properties of materials. One of the most widely used experimental approaches to study a material's dynamic behavior is the Split-Hopkinson Pressure Bar (SHPB), which is capable of producing strain rates up to 10 4 /s [17] . While SHPB testing predominantly focuses on standard engineering materials, including concrete and sand [18] , it is also often used in studying dynamic response of metal and composite [19] [20] [21] [22] . However, only very few investigations were performed under high loading strain rates for BT3-1, which is widely used in the manufacture of aeroengine blades, and few data is currently available on dynamic constitutive behavior of it. So, it is necessary to obtain the dynamic mechanical properties of BT3-1 via SHPB tests.
The aim of this study was to explore the foreign object damage performance of titanium alloy blades and obtain Johnson-Cook constitutive model parameters of the blade material. A FOD test was carried out to obtain the damage type suffered by the blades subjected to impacts from foreign objects under different conditions. Stress-strain curves are obtained for the blade materials via a SHPB experiment, and an empirical constitutive material model based on the Johnson-Cook law is derived. The Johnson-Cook constitutive model parameters are corrected and verified by comparing the simulation results with the FOD test results.
Experimental Measurements
2.1. Materials and Specimens. The titanium alloy blades installed in the first stage of the turbine fan engine were taken as the specimens, as shown in Figure 1 (a). The material of the blades was BT3-1 titanium alloy, which is widely used in the aerospace industry to manufacture engine compressor disks, blades, rings, and fasteners. The microstructure of BT3-1 was equiaxed and consisted of a primary α + β phase, where the International Journal of Aerospace Engineering content of primary α was about 50%, and there was a large number of equiaxed secondary α phases, as shown in Figure 1 (b). The projectile was a sphere with a diameter of 3 mm, which was manufactured GCR15 steel. The average hardness of the sphere was measured to be 64 (Rockwell C). All tests performed in this paper used projectiles of the same design. The strain rate of the blade material can be as high as 10 6 s -1 when an object impacts the blade in a real FOD event. In order to accurately establish a three-dimensional (3D) FE model of FOD, it is necessary to select the model and its parameters correctly. And the mechanical properties of the blade materials at high strain rates must be obtained to determine the model parameters. Therefore, a dynamic test was conducted on a SHPB apparatus to obtain the mechanical properties of titanium alloy blades at different strain rates. In order to obtain accurate dynamic mechanical properties of the blade's materials, the tenon part of the blade was cut and used to manufacture the specimens. The experiments were performed using cylindrical specimens of the material with a size of Φ4 × 4 mm, as shown in Figure 2 .
FOD Test Device.
To mimic the FOD damage conditions that might occur in service from ingested particles impacting at high velocities and strain rates, the specimens were impacted ballistically using steel ball projectiles via a 10 mm bore compressed gas gun. When air is used as medium, the gas gun was able to accelerate the steel spheres to speeds from 0 m/s to 300 m/s. When helium is used to accelerate the ball, the gas gun can accelerate the steel ball to 360 m/s. A structural drawing of the gas gun is shown in Figure 3 . 3
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The launch speed of the steel ball was varied by changing the air pressure. The steel balls were loaded into a nylon sabot, where the sabot was captured at the exit of the gun bar-rel by a sabot separator. This allowed the balls to propagate forward and impact the target directly. The actual impact speed was measured by a velocimetry system installed (e) 140 m/s "dented" (f) 120 m/s "dented" (g) 100 m/s "dented" (e) 140 m/s "dented" (f) 120 m/s "dented" (g) 100 m/s "nicked" International Journal of Aerospace Engineering between the gun muzzle and the target. The gas gun test system adopted a support structure, where a sheller was installed at the exit of the barrel. The details of the damage simulation technique are described elsewhere [8] .
2.3. SHPB Test Device. The SHPB apparatus consisted of a striking system, an input bar, an output bar, a momentum trap bar, and a data acquisition system, as shown in Figures 4 and 5 . Both the diameters and the lengths of the input and output bars were the same, which were 14 mm and 1500 mm, respectively. The bars were made of titanium alloy with a Young's modulus E of 110 GPa and a density ρ of 4400 kg/m 3 . A gas gun was used to launch the striker bar. The impact between the striker bar and the input bar generated a longitudinal pulse wave which was instantly applied to the input bar. The incident, reflected, and transmitted strain waves were measured by strain gauges mounted at the middle position of the input and output bars.
Results
A series of impact tests were conducted on the titanium alloy blades, where the protocols of the FOD tests are listed in Table 1 . In this study, two angles (30°and 60°) were used. Previous studies [23] have shown that the incident angle of a foreign object impacting a blade is within the range of 30°-60°with respect to the centerline of the blade, as portrayed in Figure 6 . Previous studies [23] have shown that FOD mostly occurs at the edge of a blade, especially at the leading edge, where the damage at this position has a significant impact on the fatigue performance of the blade. As such, the blade edge was taken as the impact position. The impact speed mainly depends on the engine speed. The maximum speed of the fan rotor is about 10,098 rev/min. As such, the linear speed ranges of the blade root and tip were 57.90-192.99 m/s and 141.69-472.31 m/s, respectively. Therefore, different speeds in the range of 100 m/s to 350 m/s were selected in this study.
The macroscopic damage morphology of each FOD was observed. According to the previously reported classifications of FOD damage [9, 10] , it was found that the main damage types suffered by the blades were "nicked," "dented," "torn," and "piece out," as shown in Figure 7 . "Nicked" implies a relatively short, sharp indentation, usually occurring at the leading or trailing edges of the blade, where a small amount of material is removed. "Dented" is an indentation with a rounded bottom, which usually appears on the leading/trailing edge of the blade. Raw material is displaced, but it is seldom separated. "Torn" is a phenomenon whereby the material is separated but does not completely fall off. "Piece out" infers that a chuck of material has been removed from the leading/trailing edge. "Nicked" and "dented" usually appear in lowvelocity impacts, while "piece out" usually appears during high-velocity impacts.
The results of the FOD impact on the leading edge of the blade for 60°impacts are shown in Figure 8 . The steel ball impacted the leading edge of the blade at speeds of 100-350 m/s. It can be seen that in the impact velocity range of 200-350 m/s, the type of damage was mainly "piece out." In the impact velocity range of 100-140 m/s, the damage type was mainly "dented." "Torn" appeared less frequently, where it only appeared when the impact velocity was about 170 m/s and did not appear in the other impact velocity. The range of speeds at which "torn" features appeared was small, and it is between the speeds at which "dented" and "piece out" appeared. Hence, "torn" can be regarded as a transitional damage type between "dented" and "piece out."
The results of the FOD on the leading edge of the blade for 30°impacts are shown in Figure 9 . As the impact speed increased, the three types of damage ("dented," "torn," and "piece out") appeared one after another. However, compared with the impact angle of 60°, where the range of speeds at which the "torn" feature appears was 160-200 m/s, under 30°impacts, the speed range was 140-200 m/s.
Multiple strain rates were applied to obtain the dynamic responses of the specimens under different testing temperatures of 20°C, 200°C, and 400°C. Testing at high temperatures is important as the temperature of the material will increase due to the impact process. The testing temperatures were achieved by using a heating furnace where the temperature was monitored with rapid response thermocouples, as shown in Figure 10 .
Since the strain rate of 10 6 s -1 could not be reached by the SHPB experimental device, we selected a high strain rate (6500 s -1 ), medium strain rate (3000 s -1 ), and low strain rate (1000 s -1 ) according to the maximum strain rate achieved by the SHPB experimental device to conduct the experiment so as to ensure the accuracy of constitutive parameter fitting under different strain rates. True stress-strain curves were obtained at three different strain rates (1000 s -1 , 3000 s -1 , and 6500 s -1 ) for the cylinder specimens. During each test condition, three groups of data were measured to ensure the reliability of test data. The average stress-strain curves were calculated according to three groups of true stressstrain curves under different test conditions, as shown in Figure 11 . 
Discussion
In order to predict the dynamic response of the blade at 30°and 60°impacts, numerical simulations were carried out using the finite element code LS-DYNA. Figure 12 International Journal of Aerospace Engineering shows a typical finite element model of the steel ball and the blade. If the whole blade is meshed, the number of meshes is too large. Therefore, only a part of the blade was intercepted and hence meshed. The steel sphere was modelled as a rigid body, and the blade as a deformable body. Due to the thinness of the small leading edge, friction between the steel sphere and the blade was assumed to be negligible. The boundary conditions of the numerical model are fixed at both ends of the blade. The upper and lower boundaries of the blade were restrained with respect to all degrees of freedom. Material failure may occur due to material failure during high-speed impact. The failed unit needs to be deleted, so the contact type selected is face-to-face contact ESTS. Hexahedral elements (SOLID 164) were considered in all simulations carried out in the present study. Due to the fact that the blade experienced significant plastic deformation and fracturing in the contact zone, the mesh density in this region was highly refined. The minimum size of each element in the contact region was between 0.10 and 0.15 mm. The mesh size of other areas on the blade is 0.5 mm, and the blade has a total of 18,750 elements. The sphere adopts the mapping grid division method, with a mesh size of 0.5 mm and a total of 1655 elements. 
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where σ y is the flow stress of the material. A, B, n, C, and m are experimentally determined constants, where A is the initial yield strength, B and n represent the effects of strain hardening, C is the strain rate sensitivity coefficient, and m is the thermal softening coefficient. _ ε * is the dimensionless equivalent plastic strain rate, and T * is the dimensionless temperature.
Based on our dynamic test data of the blade materials, the parameters of the Johnson-Cook constitutive model were estimated with the Levenberg-Marquardt algorithm [25] . The estimated results are shown in Table 2 . Figure 13 compares the calculated curves with the true stress-strain curves. It can be seen that for strain rates of 3000 s -1 and 6500 s -1 , the calculated curves were in good agreement with the experimental results. However, there were some errors between the fitted curves and the experimental results under some conditions, such as 200°C and 1000 s -1 , but in general, the calculated curves and the experimental results tended to agree.
A dynamic failure model that uses the Johnson-Cook shear failure criterion was applied to model the material losses during the impact process. The Johnson-Cook failure criterion is defined as
where D 1 -D 5 are failure parameters measured at or below the transition temperature, T r . The data in this paper are not enough to calculate the failure parameters of the BT3-1 alloy, so the failure parameters of the Ti-6Al-4V alloy taken from the literature [26] were used instead, which are summarized in Table 3 .
The Johnson-Cook material constants together with the Johnson-Cook failure parameters D 1 − D 5 given in Table 3 were used to simulate a 60°impact, where the results are shown in Figure 14 . It can be seen that under impact speeds of 140 m/s, 170 m/s, and 200 m/s, "dented," "torn," and "piece out" features appeared, respectively, which are similar to the experimental results.
However, there are still some differences in the details of the numerical simulation results and experimental results. For example, when the impact speed was 140 m/s, the numerical simulation results showed slight tearing, while at an impact speed of 170 m/s, the results of the numerical simulation were substantially cracked in a direction perpendicular to the edge of the blade, while the results of the test were cracked along the edge of the indentation. As there was some disconformity in the results, it was necessary to modify the Johnson-Cook material parameters so that the FE simulation could accurately predict the results of the experimental FOD test.
The accurate determination of the material's parameters at high strain rates in the Johnson-Cook model is of vital importance for the FE simulations. In this work, we adopted a "trial-and-error" approach to obtain these parameters. We constantly compared the experimental results with the numerical simulation results through iterative FE analyses. If the numerically simulated results did not meet the test results, the constant parameters were adjusted within the error tolerance range, and the influence of each parameter on the damage was analyzed. We set the range of parameter adjustment based on the Johnson-Cook model parameters of titanium alloy studied by other scholars. The adjustment value should not exceed the normal range of constitutive model parameters of titanium alloy. The constitutive parameters have physical meaning. Therefore, according to the numerical simulation results and the physical meaning of the parameters, first, manually adjust one parameter and Table 4 . Based on the modified parameters, FE analyses were carried out at different speeds under 60°impacts. The simulated results at different impact speeds were in good agreement with the experimental results, as shown in Figure 15 . Figure 16 compares the FE simulation results and test results under 30°impacts. It can be seen that the simulated results are also in good agreement with the experimental results, further indicating that the FE model can effectively predict the FOD test results.
Conclusions
In this paper, FOD tests were carried out to study the damage types suffered by blades subjected to foreign object impacts. The Johnson-Cook model parameters were estimated through SHPB tests, where 3D FE models were developed to simulate foreign objects impacting upon the leading edge of the blade. In our analysis, the Johnson-Cook material parameters were corrected by comparing the results from the simulation with the experimental FOD test results.
Tearing occurs at 30°and 60°impacts, and the range of speeds at which the "torn" feature appears is small. The "torn" feature usually appears between the "dented" and "piece out" features, so the former can be regarded as a transitional damage type between them.
The Johnson-Cook material parameters of the BT3-1 alloy obtained from the SHPB test were used to develop the 3D FE models; however, the model was inaccurate in predicting the results of the impacts. Therefore, the Johnson-Cook material parameters were corrected by comparing the results from the simulations with the FOD test results, which seemed to be effective in predicting the dynamic response of blades for 30°and 60°impacts. 
